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PROGRESS REPORT

RESEARCH ON PROCEDURES FOR THE

LOW -TEMPERATURE PRESERVATION OF BLOOD

X1

Abstract

Optimal processing conditions for freezing and thawing whole
blood with 7% w/v PVP (Plasdone C) have resulted in reproducible re-
covery of 97% of the red cells immediately after thawing. Infusion
of such preparations in quantities up to one pint have shown an aver-
age of 80% of the red cells survive in the circulation for 24 hr. The
thawed preparation has 3% of the hemoglobin and 40% of the potassium
in the plasma, and it contains a precipitate of p-lipoprotein that is
soluble in isotonic saline and plasma.

Protein precipitate can be minimized by suspending (1 vol. -
1 vol) packed red cells in a solution of 14% PVP + 3% human serum
albumin before freezing. The same post-thaw recovery, 97%, results,
but 24.hr. survival averages 88% instead of the 80% for whole blood.

Old and young cells lyse to the same extent during freezing
and thawing, and both are more susceptible to osmotic lysis after thaw-
ing than before freezing.
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SCOPE OF REPORT:

This report summarizes the current status of processes for the
low -temperature preservation of red cell suspensions suitable for in-
fusion immediately after thawing; it is based largely on research done
in the period June 1962 to February 1963, under Contract Nonr-3003(00).

1. INTRODUCTION:

Our goal has been the development of a process for preserving
a suspension of red cells by freezing, with subsequent long-term storage
at low temperature, Upon thawing, the product must be suitable for in-
fusion without any separation or washing steps. To be acceptable the
cells must remain unaltered to a high degree during freezing and thawing
and must be stable in the circulation on infusion, and any substance
added to give such a stable cell population must be physiologically
acceptable in the concentrations achieved on infusion.

Experimental results given in previous Progress Reports have led
us to the following generalizations:
1. A high recovery of intact cells is achieved only
when red cells arc frozen in the presence of a medium containing a mini-
mum of about 10% by weight of an added substance.

2. When the additive is capable of penetrating the
red cell membrane, there is marked lysis of cells on infusion; osmoti-
cally stable cell suspensions are recovered only with additives that do
not enter the cell.

3, Carefully controlled, rapid rates of heat transfer
are necessary during freezing and thawing to get a high recovery of
stable cells in the presence of extra-cellular additives.

A red cell preparation with high recovery of intact cells on thaw-
ing and high stability on infusion, with the potential of fulfilling the ob-
jectives of the project, was found td> be obtained by addition of polyvinyl-
pyrrolidone (PVP) to blood {plus anticoagulant) to give a 7% w/v concen-
tration of PVP followed by rapid freezing and rapid thawing. This has
been given the designation of Process III in Progress Report XI. The cur-
rent report covers our further study of the utility of the thawed product
and the practicality of the processing, together with a discussion of the
modifications that have been considered desirable at this time.
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II. BACKGROUND TO THE PRESENT RESEARCH
ON THE PVP-WHOLE BLOOD SYSTEM:

In order to meet the important requirement that thawed blood be
transfusible without post-thaw processing, it was found necessary to
use an additive that does not enter the cell. Red cells equilibrated
with concentrations that afford protection of glucose, glycerol, or di-
methylsulfoxide, lyse immediately and completely on infusion. A prin-
cipal problem, then, was the selection of an additive that does not
enter the red cell, affords protection during freezing and thawing, and
is pharmacologically acceptable on infusion. Of the many materials
tried, PVP appeared most promising, for it resulted in the highest recovery
of intact cells capable of surviving to a high degree on infusion, and had
been used for many years as a plasma volume expander without manifes -
tation of acute effects. Dextran and human serum albumin, although
physiologically acceptable, did not give the same degree of protection.

Having established that the PVP-whole blood system was the most
promising, we have concentrated our efforts on determining the optimum
processing conditions and ensuring reproducibility of operation, demon-
strating the bhiological functionality of processed red cells, and search-
ing for possible detrimental effects on hlond of PVP and of frcczing and
thawing.

Among the matters studied have heen:

1, Red Cell Stability
a. _12 vitro
b.  Invivo

2. Red Cell Function
a Oxygen dissociation
b. Exchange transfusions

3. PVP-Protein Interaction

4, Processing Variables
a. PVP concentration
b. PVP molecular weight distribution
c. PVP -albumin medium
d. Freezing and thawing conditions

Details of these studies are given in the following sections.
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I, PVP-WHOLE BLOOD:

A. Description of Process:

In the process being considered currently, 420 cc. of blood
is drawn into 160 cc. of a solution containing 43% ACD-A and 26.5%
PVP (Plasdone C) to give a total volume of 580 cc. The container is alum-
inum, is corrugated to give a high ratio of surface to volume, and has a
volume of 1000 cc.

The container of blood is coated with a thin (0. 004 in.)
layer of PVP and then immersed into liquid nitrogen while being shaken.
This results in the formation of a shell of frozen blood 3-9 mm. thick.

After immersion for 120 sec. the container is stored at -170°C. or below
until needed.

Thawing is accomplished by shaking the container in a
bath of water at 45°C. for about 75 sec., after which it is immediately
withdrawn and stored at 4°C. until administered. A newly designed
bracket has decreased thawing time to about 62 sec., but the effect of the
shorter thawing tima on ~rcovery and <tability has not been evaluated.

B. Stability of Cells.

1. In Vitro Measurements:

a. Recovery:

When red cells are frozen and thawed in
the presence of plasma plus PVP, some of the cells lyse. The extent of
lysis is determined by the concentration of PVP and the thermal regimen
experienced by the cells. Under best conditions 97% of the cells are re-
producibly recovered intact, as measured by the loss of hemoglobin from
cells. Potassium ion loss is greater than that resulting from lysis alone
and is in the order of that of 21-day-old bank blood, 22 meq./l. vs. 23
meq../1. for 21-day-old blood. ' Direct infusion of such a product intro-
duces free hemoglobin and potassium ion into the circulation in addition

to the PVP required for protection. This is discussed further in the next
section.

b. Resuspension Stability:

Loss of hemoglobin and potassium from
cells is a direct manifestation of cell damage. There is additional damage
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which is shown by the loss of cells on infusion and which can be demon-
strated in vitro by diluting cells with isotonic saline. There is additional
hemolysis, the extent of which can give an indication of the degree of
trauma experienced by the cells. Preparations that give 97% recovery of
intact celis on thawing may lose an additional 5 to 17% of the cells on
resuspension in forty-fold excess (or greater) of isotonic saline (Fig. 1).
Those that show the largest additional hemolysis have the poorest survival
on infusion, and those with small loss may, or may not, have good sur-
vival.

It appears, then, that in vitro tests do not
distinguish unequivocally between preparations that will show the best
in vivo survival and thnse that are pocrer, but if they indicate a prepara-
tion is less stable, lower survivals will be obtained with it.

c. _ Effect of Age of Cells on Stability:

A guesticn of fundamental interest regard-
ing freeze -thaw damage to erythrocytes is whether such destruction is re-
lated to In vivo age of the cells Older erythrocytes arc physically and
biochemi?ally different froni youna cells and more susceptible to osmotic
lysis.z "t i3 entirely possile that the cider cells which are soon to be
destined for remowval 7v-m circulation are those which are particularly sus-
ceptible to the rigors of low-temperature prncessing of blood. If this
were so, it might be pnssible to minimize hemolysis by appropriate treat-
ment of this fraction.

A direct approach to this question is to
label selectively one portion of the population and determine its fate.
To this end, radipactive 1ron-57 was injected into rabbits for the purpose
of 'abeling the younger population of the cells since only the newly formed
erythrocytes incorporate the 1iron. Samples of the blood were taken 5 to 8
days after iron-59 ‘njectinn and frozen after addition of PVP to give a 7%
concentration. In the prefreeze and post-thaw samples the distribution
of hemoglobin and radicactivity between plasms and cells was determined.

It is apparent from the results in Table I
that equal fractions ~f the total hemoglobin and radioactivity were found
to have been released into the supernatant after freezing, indicating no
difference in the level of hemolytic damage between the ynung cells and
the rest of the population.
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TABLE I

Freeze -Thaw Hemolysis of Process !Ila

Rabbit Blood - -Effect of Red Cell Age

as Determined by Fe’-’Labeling_

" Prefreeze Post-Thaw
In Vivo Age Entire Popu- Yec'ing Entire Popu-
~ of Cells Jation® Cells® lation® Young Celis®
After Fe**Tag (as % Free (as % Free (as % Free (as % Free

(Days) Hemoglobin) Radioactivity  Hemoglobin): Radloactivity)

8 <0.3 0.1 2.4 2.4

2.9 2.8

) <0, 2 0.2 3.8 3.5

4.1 3.6

5 0.2 0.3 2.0 2.4

2.1 2.1

a
Process - Blood (4 volumes) collected in ACD-B (1 volume) diluted
{4:1) with 35% Plasdone "C" in 0.05 M NaCl. Blood + PVP
frozen in BFT-19110 containers coated with glycerol-Santocel

using BPU-1 (200 cpm agitation). Thawing by agitation in 45°C.
water bath.
b

Fe®Tagging- Young red blood cells selectively labeled in vivo by

incorporation of Fe® (50 pc as ferrous citrate injected Intravenously)
c

Entire Population - % free hemoglobin calculated using total and
supernatant hemoglobin and hematocrit.

d

Young Cells - % free radioactivity calculated using total and super-
natant radioactivity and hematocrit.
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After freezing and thawing, the red cells
are usually resuspended in saline for the EDP test to determine subhemalytic
damage which manifests itself as hemolysis of apparently intact cells. From
Table II it may be seen that both before and after freezing the old cells are

more susceptible to osmotic lysis than are the younger cells as shown by
osmotic fragility measurements.

TABLE II

Osmotic Fragility of Rabbit Blood Before
and After Freezing by Process III°--
Effect of Red Cell Age as Determined
by Fe’% Labeling

Prefreeze Post-Thaw

Entire c Entire d
NaCl Population Young Cells Population Young Cells
Conc. (as % Free (as % Free {(as % Free (as % Free
(%) Hemoglobin) Radioactivity) Hemoglobin) Radipactivity)
0. 85 n1 0.3 15.9 10.0
Q.7 0.3 0.3 17.9 11.0
0.6 3.9 0.5 32,1 14.8
0. 55 28.8 7.8 60.3 34.2
0.5 74.0 55.3 83.0 67.8
0.45 94,3 93.0 93.0 87.7
0.4 98 99 96 96
0.3 99 99 97 97
0.2 100 100 99 98
0.0 100 100 100 100
a

Process IIl - Procedures are the same as outlined in Table I. Results
are based on an average of three rabbits.

Fe"’?-Labeling - S_{oung cells selectively labeled in vivo by incorporation
with P‘e"‘(p c as ferrous citrate injected intravenously).

Entire Population » % free hemoglobin calculated using total and super-
natant hemoglobin and hematocrit.

Young Cells - % free radiocactivity calculated using total and super-
natant radioactivity and hematocrit.
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2. In Vivo Measurements:
e

a. Survival After Infusion:

The stabllit);lof processed cells in the cir-
culation has been measured by the Cr**.Cr’' double tagging procedure de-

scribed in Progress Report XII. The recipient's red cell volume is determined

from the dilution of a known volume of Cr“—tagged unfrozen, autologous blood,
Tagged frozen and thawed blood is then infused for measurement of survival,

Using the optimal combination of processing
parameters - -PVP concentration, freezing and thawing rates, and container

size and geometry--an average of 80% of the cells intact after thawing have
been found circulating 24 hr. after transfusion. Representative data are
given in Table III.

TABLE III

Average In Vivo Survival of Frozen and Thawed Blood

Whole Blood + ACD + 7% w/v PVP

Con-
Blood tainer Survival
Volume Size Saline 30 24 48 72
(ml.) (ml.) Tests Recovery Stability min. hr.  hr. hr.
50 110 [ 96 %1 87£2 94+ 4 79+ 4 - -
250 500 17 97 %1 89+ 2 93% 8 82.7 808 75+7
450 1000 21 95, 6%0.5

83%£2.7 86%1.7 79+9 7127 677

Most of loss of cells occurs in the first few
hours after transfusion (Fig. 2).

b. Mechanism of Loss of Red Cells

Immediately Following Infusion:

When intact cells disappear after infusion,

they may be lysed in the circulation or may be removed in the RE system.

Evidence against any marked lysis is given in Table IV, which tabulates data
obtained in one-pint transfusions.

Column 8 represents the percentage of the

[ O
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TABLE IV

One-Pint Transfusions
Whole Bleod + PVP
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1.7
1.9

95.1

1.74
2.44
1.34
1.59
0.91

68
al

386 35.5 2558
390
381

377
382

88.7

84.

96.8

93.6

2678

38.2
34.2

1

95.5

96.1

49

2740
2698
3048

86.8

95.6
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1.1

95.4

59
30

34.3

88.9

96.5
97.3

97.3

33.6

90.3

89.9

97.1
97

379 33.4 1904 35 0.67 98.0
2333 48

383

92.1

97.1

39.1

90.8

97.1

87.5

96.2

96.7 0.6

0.81
2.50
2.37

37

2197
2639

.2

24

269
395
386
387
384
384
380
396
391
390
395
396

89.4

97.3

93.4
93.8

95

38.0

85.0

96.5

1.7
1.4
1.7
1.7
1.5
0.4

0.4

85.7 38.2 2819 84
86.5

95.5

95.4

1.75
1.72
1.72
1.90

71
2.00

2462

37.9

96.8

95.1

2601 66

34.9

88.5

96.8

95.5
94.8
94.7

38.4 2465 70
36.4 77
37.6

87.6

97.2

2467

84.3

96.3

70
87

2860

81.6

95.1

95.9

1.54
2.10

1767
2384
2327

7.2

41.8

85.0

96.3

95.0

88
99
100

85.1

96.1

1.8

94.2

39.9

85.7

96.0

93.9 1.9

2.56

2558

41.9

83.7

95.8
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total infused hemoglobin that is not accounted for as free hemoglobin in
the plasma. It is equivalent to the recovery of intact cells after trans-
fusion. Comparison (Column 9) of this value with the recovery of the cells
before transfusion (Column 1) shows that stable cell preparations, as indi-
cated by saline resuspension values of 87% or greater (Column 2), have
lost less than 2% of their cells by lysis on transfusion. Although there are
uncertainties in these measurements it is unlikely that much free hemo-

globin has been removed from circulation in this time, for the haptoglobin-
binding capacity has not been exceeded.

It would appear, then, that red cells frozen
and thawed in the presence of plasma plus PVP are not removed primarily

by lysis in the first 30 min. after transfusion when optimal processing con-
ditions are used. A less stable preparation might well lose some of the
population by intravascular lysis in the period immediately after transfusion

c. Blological Functionality of
Frozen and Thawed Red Cells:

Not only must processed red cells remain
{ntact in the circulation over their normal life span, but they must carry out

their functions to transport ovvygen and carbon dioxide. The oxygen disso-
ciation equilibrium was found (Fig 3) to be identical with that of unfrozen
cells. Because the rates of oxygen uptake and release are most significant,
exchange transfusions with processed blood were carried out in rabbits as

a way of establishing the oxygen-carrying capacity in vivo, Whole rabbit
blood with PVP was frozen under the optimum conditions for rabbit blood.
After thawing it was transfused into rabbits that had been partly bled or were
bled simultaneously with the transfusion. In the course of these transfu-
sions it was discovered that the amount of potassium ion being infused was
sufficient to raise the concentration in plasma to a lethal level (10 meq. /1.)
at the rates of infusion used (6 cc./min.). This was substantiated by in-
fusing blood after passage through a bed of ion exchange resin (Dowex 50)

in the sodium form. When this was done a volume of processed blood greater

than a normal blood volume could be infused without manifestation of potas-
sium toxicity.

Because of the difficulty of carrying out ex-
change transfusions with rabbits, the highest degree of exchange with low-

potassium blood has been 40%, although 85% exchange has been achieved
with blood containing potassium. We have found from earlier work that

this is insufficient for evaluation of functionality; rabbits can survive after
90% of their red cells have been removed. This study is continuing, as is

an evaluation of potassium leakage from human cells during freezing and
thawing.
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C. Protein-PVP Interaction:

Burstein® has reported the precipitation of p -lipoprotein from
plasma on addition of PVP and has suggested this be used as a preparative
procedure for separating p -lipoprotein. The concentration of PVP used to
protect red cells is high enough to cause this precipitation, and we have
observed it in our studies as a flocculant material in the supernatant plasma
when whole blood containing PVP is centrifuged. It was formed when the
PVP concentration was greater than 4% . The precipitate is readily soluble

in isotonic saline and in plasma: one volume dissolves in six volumes of
saline or plasma.

To get an indication of possible harmful effects of the pre-
cipitate on infusion of blood containing it, B -lipoprotein was precipitated
from 150 cc. of rabbit plasma (over one blood volume} and infused. There
were no apparent effects as indicated by gross behavior of the animal.

Because infusion of a whole blood preparation containing f -
lipoprotein in suspension might be considered harmful, several ways of
eliminating the problem have been examined. Onc was to separate plasma
from cells and treat the plasma with PVP. The precipitate could be removed
by centrifugation and the plasma with addea PVP used to:resuspend the red
cells, these having been washed with saline to remove trapped plasma.

The other way was to separate red cells from plasma and

resuspend in a medium containing PVP. This procedure is described in a
later section.

D. Evaluation of Processing Parameters:

When extra-cellular, protective additives, such as PVP,
are used, stringent control of processing conditions is needed to give the
highest recovery of stable cells in reproducible fashion. An important
part of recent studies has been the determination of optimum processing
conditions and the degree of variability permitted, using in vivo survival
as the measure of stability. As was pointed out in an earlier section, in

vitro tests are not as definitive as is desired in establishing stability of
processed cells.

1. PVP Concentration:

Previous studies had shown the minimum concentra-
tion of PVP which gives high stability of red cells to be 7 g. per 100 ml.

AR
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final red cell suspension. This corresponds to a concentration in the sus-
pending medium of about 10.5 g. per 100 ml. Variation in the freezing

and thawing conditions have not resulted in the use of a lower concentra-
tion.

2. PVP Molecular Weight:

All recent preparations evaluated by clinical assay
have been made with Plasdone C, K-30 PVP. This has an average molec-

ular weight of 40, 000, We have established that PVP K-25 (from Light and
Co.) and PVP K-22 (from Antara Products), both of about 25, 000 average

molecular weight, give cells of comparable stability as measured by in vitro
tests (Table V). —_—

TABLE V

In Vitro Stabilities of Red Cells

Protected by Various PVP's

Post-Thaw Saline Resuspension
pyp Recovery Recovery
Plasdone C
(avg. mol. wt. - 40, 000) 96,3 90.3
K-22 (Antara)
(avg. mol. wt. - ~24,500) 96. 4 87.8
K-25 {Light and Co.)
(avg. mol. wt. - 24,500) 96,2 88.8

PVP was present in whole blood-ACD at a concentration

of 7% w/v. Fifty milliliter samples were processed
under identical conditions.

3. Freezing Conditions:

Strict control of the freezing conditions continues
to be necessary for reproducible attainment of high recovery of stable cells.
Immersion of blood containers in a 500-centipoise solution of PVP K-30 in
methanol gives a coating that results in optimal heat transfer. Faster or
slower cooling than is obtained with this mixture gives poorer results. Shak-
ing in liquid nitrogen during freezing to give a shell of frozen blood has proved

to be necessary, for in no test without shaking was a high recovery of stable
cells achieved.

b e e &
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4, Thawing Conditions:

Shaking of a container of frozen blood in a warm
water bath to thaw it has continued to give best results. The criticality
of the parameters of the thawing procedure was shown by the decreased
time required for thawing when a new bracket was designed which permits
freer access of the warm water to the container; the stability of cells as
measured by resuspension in isotonic saline was increased.

5. Collection of Blood:

Blood has been collected in glass bottles or plastic
packs and then transferred to the metal container or collected directly into
the metal container without apparent difference in results. Blood has been
ardded to a mixture of ACD and PVP, or PVP has been added to blood and
ACD, again without noticeable difference.

There have been differences noted among the re-
coveries and osmotic stabilities after freezing and thawing of bloods col-
lected by the Buffalo Chapter, American Red Cross, the Chronic Disease
Research Institute, and the VA Hospital, Buffalo (Table VI). There has been
no apparent diffcrence in the techulques of collection. [t is tentatively
hypothestzed that the differcnce results from the time of collection and,
more likely, from the fasting requested of the Red Cross donors. The first
clinical test of blood from donors who have fasted indicates this may be a
factor in getting a somewhat more stable cell.

TABLE VI
Variation of Red Cell Stabilities

Among Collection Sites

Post-Thaw Saline Resuspension
Collection Site Recovery Recovery

Buffalo Chapter,

American Red Cross 97,2 88.2
Chronic Disease Research

Institute 96. 1 84.5
Veterans Administration

Hos nital, Buffalo 95,2 81.7

Pints (420-ml. blood + 160-ml. ACD-PVP) were collected,
frozen, and thawed under identical conditions.
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V. PVP-HUMAN SERUM ALBUMIN:

The presence of insoluble p -lipoprotein in suspensions of cells:

containing plasma and PYP led to test of tell suspenaions containing less,”

er no, plasma. Blaod was centrifuged to pack the red cells and the super-
natant plasma removed. Red cells were then suspended in a medium con-
taining PVP and albumin. BRecause we had observed, when testing serum
albumin as a protective material, that it increased the protective action of
PVP when red cells were processed in a solution containing both, we have
concentrated on this mixture.

Processing involves separation of red cells from plasma, washing
by resuspension of the cells in isotonic saline when the plasma is to be
substantially completely removed; separation of the red cells from wash
solution and resuspension in a solution containing PVP and albumin.

A. Description of Process:

Blood (450 ml.) is collected into 72 to 75 ml. of ACD-A
and then centrifuged. After scparation of the plasma from the cells, they
are resuspended in an equal volume of additive containing 14% Plasdone C,
3% human serum albumin, and 0.6% sodium chloride. The suspension is
frozen iu the same way as whole blood + pPvP.

B. In Vitro Stability:

Using the same criteria of stability as those described in
the section on Whole Blood Plus PVP it was found that red cells suspended
in @ medium containing 11% PVP and 2. 5% serum albumin were of good
stability and that these concentrations were the minimum that resulted in
maximum stability of frozen and thawed cells. With them it was possible
to get 97% recovery of intact cells after thawing and 90% recovery of cells
on resuspension 1/40 in isotonic saline.

C. In Vivo Stability:

Assay of survival of cells following infusion showed the
cells to be more stable than those recovered from whole blood plus PVP.
The loss of cells 24 hr. after transfusion was only 12%, in contrast to the
20% loss of cells from whole bload plus PVP (Table VII). This compares

favorably with the survival (93 to 95%) of fresh cells that have not been
frozen and thawed.
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. TABLE VII

PVP.Albumin Process

~Survival
Amount 30 24 48 72
Processed Trials Recovery Min, Hr. Hr. Hr.
1/2 pint 47 97,1%0.3 876 88+ 7 827 78+ 7
pint 5 97.3%0.3 - 8945 83%5 78%£7

Blood collected into ACD-A. Cells separated and
resuspended in 14% PVP, 3% albumin and 0.6%
NaCl. Thawed cells separated from PVP solution
and resuspended in autologous plasma for trans-
fusion.

D, Processing Conditions:

The same freezing and thawing conditions are used for
this preparation as for whole blood-PVP after red cells are resuspended
in PVP-albumin.

V. PVP ANALYSES FOR PROFESSOR MARK HAYES:

Several procedures for analyzing serum and urine for their PVP
contents have been tested. The procedures will be described in detail in
a separate report. One of them, involving infrared determination of PVP,
has been used to analyze 500 samples of dog serum and urine for Professor
Mark Hayes, Yale University School of Medicine. The samples were ob-

tained in the course of a study supported by ONR of the excretion of PVP
and its effect on circulatory and renal dynamics of dogs.

VI. BLOOD PROCESSING UNIT FOR THE CENTRAL
LABORATORY OF THE NETHERLANDS RED CROSS:

A blood freezing and thawing unit was constructed for and shipped
to the Netherlands Red Cross to be used in the processing of red cells sep-
arated from plasma. The unit incorporated modifications that had proved
desirable from months of operation of earlier units.
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